Introduction
============

Since the invention of Mobil Composition of Matter No 41 in 1992, mesoporous silica (MS) materials have experienced a rapid development and are now widely used in biomedical areas, the adsorption and separation of proteins, catalysis, and so on.[@b1-ijn-12-8277]--[@b3-ijn-12-8277] Studies have shown that proteins absorbed in the mesoporous materials could improve the thermal stability of proteins;[@b4-ijn-12-8277] therefore, MS has a great potential in the protein loading field. The growth factor, a kind of therapeutic protein, has a strong osteoinductive ability so that it can effectively promote bone tissue regeneration.[@b5-ijn-12-8277],[@b6-ijn-12-8277] The common growth factors, including platelet-derived growth factor (PDGF),[@b7-ijn-12-8277] were applied in the clinical treatment of bone repair. These growth factors have a high molecular weight and a large molecular size (usually \>10 nm).[@b8-ijn-12-8277]--[@b10-ijn-12-8277] Up to now, the pore diameters of mesoporous materials are \<7 nm; thus, they cannot effectively load large molecular proteins, and their application in bone regeneration is severely affected.

At present, the common method for synthesizing large-pore MS is adding organic solvents (such as 1,3,5-trimethylbenzene) as pore-expanding agents.[@b11-ijn-12-8277] Although the MS synthesized with this method has a large pore size and high pore volume, the addition of organic solvents complicates the process. Organic and inorganic complexes were formed by silicic acid species and an organic template in most MS synthesis processes, and then, the organic template was removed to get the corresponding mesoporous structure. High-temperature calcination[@b12-ijn-12-8277] and organic solvent extraction[@b13-ijn-12-8277] are two common methods to remove organic templates. Although high-temperature calcination could completely remove organic templates, a large number of Si-OH groups in the inner and outer surfaces of the materials would also disappear at the same time. The presence of the Si-OH groups not only enhances the hydrophilicity of MS, but also makes it easier for MS to become functional; it plays an important role in the application of MS. Organic solvent extraction at low temperatures (\<100°C) can avoid the loss of Si-OH, but organic templates cannot be removed completely, even after many attempts at extraction. Currently, there is no single way to synthesize MS without organic templates.

MS has excellent biocompatibility, a modifiable surface, and an adjustable pore size, but it lacks bone bioactivity. In 1971, Professor Hench prepared calcium Si-based bioactive glass,[@b14-ijn-12-8277]--[@b16-ijn-12-8277] which not only has good biocompatibility, but also has biological activity. This kind of material forms a layer of hydroxyapatite on the surface of the material after being implanted in the body. As we all know, hydroxyapatite is one of the main components of bone; therefore, the material can bond with bone tissue. In addition, changes in the calcium concentration have important links with the cell cycle. During the absence of extracellular calcium, the cell cycle stagnates at stage G1. If the concentration of calcium is raised at this time, the cells can then continue to conduct DNA synthesis, that is, to promote cell proliferation.[@b17-ijn-12-8277],[@b18-ijn-12-8277] Moreover, calcium is a common allosteric growth factor that regulates cell differentiation by the cytoplasm, organelles, and enzymes in the nucleus.[@b19-ijn-12-8277],[@b20-ijn-12-8277] Although elevated calcium ions inhibit the early osteogenic differentiation of cells, they can promote the maturation and mineralization of cells at the later stage, which is beneficial to the formation of bone.[@b21-ijn-12-8277] However, this may lead to apoptosis when the extracellular calcium concentration is too high. Therefore, the appropriate calcium content is closely linked to the biological activity of bone scaffold materials.

In this study, we first synthesized large-pore MS (LPMS) as the template and silicon source and then doped LPMS with Ca(NO~3~)~2~·4H~2~O to synthesize large-pore Ca-Si-based bioceramics (LPMSCs). To assess the osteoproduction of the material, the effects of LPMSCs on dental pulp cells (DPCs) were evaluated by using analyses of MTT, alkaline phosphatase (ALP), von Kossa, alizarin red S (ARS), and real-time PCR. Meanwhile, the CaSR pathway inhibitor (NPS2143) was utilized to explore the possible mechanism of material-promoting osteogenesis. The rat calvarial defect model was selected, and the LPMSCs were implanted into the defect for 8 weeks. Then, the areas of new bone formation were determined by histological observation to assess the bone regeneration ability of the LPMSCs.

Materials and methods
=====================

Preparation and characterization of LPMSCs
------------------------------------------

LPMS was prepared by using a simple one-step method as described previously.[@b22-ijn-12-8277] In contrast, the sample was calcined at 550°C for 6 hours and named LPMS-cal. Then, LPMSCs were synthesized via a solid-state reaction by combining LPMS and Ca(NO~3~)~2~·4H~2~O. By changing the amount of Ca(NO~3~)~2~·4H~2~O, the LPMSCs with different Si/Ca molar ratios were synthesized and named LPMSC-1 (Si/Ca =4:1), LPMSC-2 (Si/Ca =2:1), and LPMSC-3 (Si/Ca =1:1).

The structure and composition of our scaffolds were tested by scanning electron microscopy (SEM), wide-angle X-ray diffraction, small-angle X-ray Raman scattering (SXRS), thermogravimetric (TG), high-resolution X-ray photoelectron spectroscopy (XPS) spectra, Barrett--Joyner--Halenda (BJH) analysis, Fourier transform infrared (FT-IR) spectrometry, and energy-dispersive spectrometry (EDS).

DPCs isolation and culture
--------------------------

All animals were obtained from the Ninth People's Hospital Animal Center (Shanghai, People's Republic of China). All the experiments followed the guidelines of Animal Experimental Ethical Inspection--Shanghai Ninth People's Hospital affiliated to Shanghai Jiao Tong University, School of Medicine (No HKDL\[2016\]132). Briefly, after euthanizing the male Sprague--Dawley rats (4 weeks old) with an overdose of pentobarbital injected intraperitoneally, the pulp tissue was pulled out of the molars. Then, the tissue was immersed in PBS and digested in pancreatin for 5 minutes and collagenase type I for 1 hour. Next, we centrifuged the cell suspension and cultured the cells with DMEM (Gibco^®^; Thermo Fisher Scientific, Waltham, MA, USA) with 10% fetal bovine serum. After reaching a confluence of \~80%, the cells were passaged in fresh DMEM.

DPCs were digested from culture dishes, resuspended in the DMEM, and then seeded on the LPMS or LPMSCs. After 1 day, the complexes were fixed and then observed by SEM or stained by Calcein AM (2 μm), which was used to observe live cells on the scaffolds.

Cell metabolic activity
-----------------------

Cell metabolic activity was assessed by using the MTT assay. Briefly, DPCs seeded on the scaffolds (10^4^ cells/disk) were incubated in 12-well plates for 1, 3, and 5 days.[@b23-ijn-12-8277] Each sample was incubated with MTT solution at 37°C for 4 hours in an incubator. Then, the reaction was stopped by DMSO, and the absorbance was read at 490 nm with a microplate reader (Elx800; BioTek Instruments, Winooski, VT, USA). DPCs cultured in medium without the scaffold were used as the controls. The results were reflected in OD absorbance value units.

Cell differentiation assay
--------------------------

To determine the differentiation of DPCs stimulated by the scaffolds, the cells were seeded onto scaffolds (4×10^4^ cells/disk) or cultured in extracts. The LPMS and LPMSC extracts were prepared according to the methods (ISO10993-1) as in our previous study.[@b23-ijn-12-8277] ALP staining and activity were measured as previously described.[@b24-ijn-12-8277] ALP staining was investigated according to the instructions of the kit (Beyotime, Haimen, People's Republic of China). The ALP activity of DPCs seeded onto LPMS and LPMSCs was quantified by utilizing p-nitrophenylphosphate (Sigma-Aldrich Co., St Louis, MO, USA). DPCs cultured in medium without the scaffold were used as the controls. To detect mineralization, DPCs were seeded onto scaffolds or cultured in extracts for 28 days. Then, the cells were stained with 40 mM ARS solution or 1% AgNO~3~ after being fixed in 70% ethanol for 1 hour.

After the DPCs were seeded onto scaffolds or cultured in extracts with or without the CaSR signaling pathway inhibitor NPS2143 for 7 days, real-time PCR was conducted to assess gene expression. The RNA was extracted using the TRIzol^®^ reagent (Invitrogen; Thermo Fisher Scientific), and cDNA was synthesized from the RNA using the cDNA synthesis kit (TaKaRa, Tokyo, Japan). The gene expression was assessed by the SYBR Premix Ex Taq^®^ kit (TaKaRa) and Bio-Rad real-time PCR system (Bio-Rad Laboratories Inc., Hercules, CA, USA). The assessed markers were the Runx2, Osterix, Ocn, Vegf, Pparγ, Dmp-1, Dspp, Bmp-2, CaSR, Opg, and Rankl; *GAPDH* was used as the housekeeping gene for normalization.

Release of recombinant human PDGF-BB (rhPDGF-BB) from scaffolds
---------------------------------------------------------------

The porous LPMS and LPMSC scaffolds (5 mm in diameter and 2 mm thick) were impregnated with rhPDGF-BB (0.3 mg/mL; Osteohealth Company, Shirley, NY, USA), which has received the US Food and Drug Administration certification. The composite was then freeze-dried to obtain a factor release system. To determine the release rate of rhPDGF-BB from LPMS and LPMSCs, the scaffolds were soaked in PBS at 37°C.[@b25-ijn-12-8277] Then, 100 μL of supernatant was collected at 0, 6, 12, 24, 48, 96, and 192 hours and replaced by an equal volume of PBS. The concentration of rhPDGF-BB was tested by an enzyme-linked immunosorbent assay (R&D Systems, Inc., Minneapolis, MN, USA) according to the manufacturer's instructions.

Repair of calvarial defect in rats
----------------------------------

As described in our previous study,[@b25-ijn-12-8277] two circular defects (5 mm in diameter) were created in both sides of rat calvarial bone after anesthesia. The defects were randomly filled with the following implants: LPMS, LPMSC-1, LPMSC-2, and LPMSC-3 alone. Then, the incision was sterilized and sutured, and the antibiotics (streptomycin and penicillin) were administered subcutaneously for the prevention of infection. Finally, the animals were sacrificed at week 8.

Histological and histomorphometric observations
-----------------------------------------------

Each sample was cut into two blocks along the cranial raphe. One-half of the blocks were decalcified and sliced for H&E staining. The un-decalcified samples were stained with van Gieson's picro-fuchsin as described in our previous study.[@b23-ijn-12-8277] Then, the areas of newly formed bone were analyzed by Image-Pro Plus system. Three randomly selected sections from the serial sections collected from each sample were analyzed. The percentages of newly formed bone area in all calvarial defect sites were calculated by longitudinal sections. The organs, including the liver, spleen, kidneys, lungs, and heart, were stained with H&E to analyze their pathological status.

Statistical analysis
--------------------

In this study, the SAS 8.2 statistical software package (SAS Institute Inc., Cary, NC, USA) was used for all statistical analyses with one-way analysis of variance and the Student--Newman--Keuls post hoc or Kruskal--Wallis nonparametric procedure followed by the Mann--Whitney *U*-test. In addition, Bonferroni correction should be applied after the Mann--Whitney *U*-test followed by Kruskal--Wallis test to prevent type I error. *P*\<0.05 is considered statistically significant.

Results
=======

Characterization of LPMS and LPMSCs
-----------------------------------

This simple one-step method successfully synthesized differently shaped scaffolds and the interconnected macroporous structure of LPMSCs ([Figure 1A--D](#f1-ijn-12-8277){ref-type="fig"}). The mesoporous structure of the LPMS surface can be clearly observed by SEM ([Figure 1E](#f1-ijn-12-8277){ref-type="fig"}), and a component of the LPMS scaffold was a typical indefinite form of SiO~2~ ([Figure 1F](#f1-ijn-12-8277){ref-type="fig"}). The SXRS spectrum indicated that there were obvious scattering peaks at \~0.4° ([Figure 1G](#f1-ijn-12-8277){ref-type="fig"}). According to the principle of the Prague equation, the diffraction peak moves to a small angle when the pore size of the material increases. Thus, the pore structure of LPMS was further proved. [Figure 1H](#f1-ijn-12-8277){ref-type="fig"} shows a BJH pore size distribution calculated according to the adsorption branch. It could be seen that the pore size of LPMS-cal (20.3 nm) was slightly smaller than the pore diameter of LPMS (22.8 nm). We only observed the characteristic peaks of Si-O-Si (1,085, 800, and 470 cm^−1^) and Si-OH (960 cm^−1^; [Figure 1I](#f1-ijn-12-8277){ref-type="fig"}) and did not observe the characteristic peaks of C-H, which demonstrated that the samples were free of organic templates. Moreover, the TG curves indicated that the weight losses of LPMS and LPMS-cal at 180°C were only 7.2% and 4.1% ([Figure 1J](#f1-ijn-12-8277){ref-type="fig"}), far below the loss of the conventional MS (\~50%), which suggested that there was no organic template in our scaffolds.

[Figure 2A](#f2-ijn-12-8277){ref-type="fig"} is the XPS full spectrum of the sample. Only O and Si were present in the LPMS, whereas Ca was present in the LPMSCs (LPMSC-1, LPMSC-2, and LPMSC-3). The peak was raised with increasing Ca content, which was consistent with the EDS results ([Figure 2B--D](#f2-ijn-12-8277){ref-type="fig"}). Moreover, the pore sizes of LPMSC-1 (15.7 nm), LPMSC-2 (15.8 nm), and LPMSC-3 (21.3 nm) were smaller than that of the LPMS due to the addition of Ca. As shown in [Figure 2E--L](#f2-ijn-12-8277){ref-type="fig"}, adherent DPCs were observed on the four materials, and no significant difference in morphology and structure was observed, which suggested that our scaffolds were not clearly toxic and suitable for the following biology experiment.

Metabolic activity and osteogenic differentiation of DPCs seeded on scaffolds
-----------------------------------------------------------------------------

The MTT results showed no significant differences among the five groups on days 1 and 3 ([Figure 3A](#f3-ijn-12-8277){ref-type="fig"}). However, the metabolic activity of DPCs cultured in medium proliferated was weaker than that of the cells seeded onto the LPMS and LPMSCs at day 5 (*p*\<0.05). LPMSC-2 was superior to LPMS in promoting cell metabolic activity on day 5, which may be linked to the addition of Ca.

ALP staining, von Kossa staining, ARS staining, and real-time PCR were adopted to assess the effect of LPMS and LPMSCs on DPSC differentiation. After 7 days of culture, ALP staining of the DPCs seeded onto the LPMSCs was more intense than that of LPMS group ([Figure 3B](#f3-ijn-12-8277){ref-type="fig"}). In addition, the trend of von Kossa staining and ARS staining was similar to that of ALP staining. The real-time PCR results showed increased gene expression (Runx2, Osterix, Ocn, and Dmp-1) for cells seeded on the LPMSCs ([Figure 3C](#f3-ijn-12-8277){ref-type="fig"}). Runx2 and Osterix expressions were significantly enhanced in the DPCs seeded onto the LPMSCs compared with the cells on the LPMS scaffolds (*p*\<0.05). Moreover, the Vegf expression was significantly increased for cells seeded on LPMSC-1 and LPMSC-2 scaffolds compared with DPCs cultured in DMEM or seeded on LPMS scaffolds. In contrast, Pparγ expression was decreased for cells seeded on both LPMS and LPMSCs.

Osteogenic differentiation of DPCs cultured in biomaterial extracts
-------------------------------------------------------------------

[Figure 4A--C](#f4-ijn-12-8277){ref-type="fig"} indicates that the osteogenic differentiation of DPCs cultured in the control and LPMS extract was significantly lower than that of DPCs cultured in LPMSC-2 and LPMSC-3 extracts; however, there were no significant differences between the control group and LPMS group; the trend was similar to that of cells seeded on scaffolds. Compared with the control group and LPMS group, the Osterix, Bmp-2, and Dmp-1 expressions were increased in the LPMSC groups ([Figure 4D](#f4-ijn-12-8277){ref-type="fig"}). Moreover, the Opg expression and the Opg/Rankl ratio were significantly increased for cells cultured in the LPMSC-2 and LPMSC-3 extracts, which suggested that LPMSC-2 and LPMSC-3 extracts enhanced the osteogenic differentiation of DPCs. Interestingly, we observed decreased gene expression (CaSR, Bmp-2, Alp, and Ocn) after NPS2143 (CaSR signaling pathway inhibitor) treatment of cells cultured in the LPMSC extracts ([Figure 5](#f5-ijn-12-8277){ref-type="fig"}). These results suggested that the CaSR pathway may be involved in LPMSC-stimulated cell differentiation.

rhPDGF-BB release kinetics
--------------------------

[Figure 6A](#f6-ijn-12-8277){ref-type="fig"} indicates that the adsorption capacity of rhPDGF-BB decreased from 13.7 to 4.6 mg/g with an increase in Ca content. [Figure 6B](#f6-ijn-12-8277){ref-type="fig"} shows the rhPDGF-BB release curve of the scaffold. It could be observed that the release patterns of LPMSC-1 and LPMSC-2 were consistent, and they were slowly released throughout the process. However, 40% of the rhPDGF-BB was released from LPMSC-3 at 12 hours, and the release rate slowed down after 48 hours. The results suggested that the release of rhPDGF-BB from LPMS, LPMSC-1, and LPMSC-2 was slower than that from LPMSC-3 in the early stage.

Histological and histomorphometric findings
-------------------------------------------

Considering that the bone regeneration scaffold is degraded in vivo for a long time, it is necessary to evaluate its biological safety. [Figure 7A](#f7-ijn-12-8277){ref-type="fig"} reveals that there were no obvious pathological changes in the organs, including the kidney, liver, spleen, and lung. New bone formation was observed by H&E and van Gieson's picro-fuchsin staining. The areas of new bone formation accounted for 11.54%±1.81%, 18.28%±3.54%, and 17.54%±1.20% in the LPMSC-1, LPMSC-2, and LPMSC-3 groups ([Figure 7B--D](#f7-ijn-12-8277){ref-type="fig"}), respectively, which was more than that in LPMS group (5.19%±2.12%; *p*\<0.05). Moreover, the areas of new bone formation in LPMSC-2 and LPMSC-3 groups were more than that in LPMSC-1 group.

Discussion
==========

Regenerative medicine seeks to provide adequate biomaterials for tissue regeneration or repair. In this study, a simple and effective method was used to fabricate LPMSCs prepared using LPMS as both the silicon source and template and using Ca(NO~3~)~2~ as the calcium source. In addition to the large mesopore size (22.3 nm), the other important features of LPMS were that the organic template was removed and Si-OH groups were maintained in the synthesis process. Moreover, the prepared LPMSCs also possess a large mesoporous diameter (\>15 nm). According to the solid-phase reaction equation (SiO~2~ + CaO = CaSiO~3~), when the molar ratio of Si to Ca is 1:1, the amorphous SiO~2~ is all transformed into amorphous CaSiO~3~. Therefore, LPMSC-3 (Si/Ca =1:1) was amorphous CaSiO~3~, and LPMSC-1 (Si/Ca =4:1) and LPMSC-2 (Si/Ca =2:1) were the complex of amorphous SiO~2~ and amorphous CaSiO~3~.

For LPMSC-1 and LPMSC-2, partially amorphous SiO~2~ was transformed into amorphous CaSiO~3~, and the residual SiO~2~ retained part of the Si-OH on the pore surface. Therefore, LPMSC-1 and LPMSC-2 could bind rhPDGF-BB via hydrogen bonds.[@b26-ijn-12-8277]--[@b29-ijn-12-8277] However, there was no Si-OH on the surface because LPMSC-3 was completely transformed into amorphous CaSiO3, so that rhPDGF-BB could only be combined with LPMSC-3 by van der Waals force. As we all know, the van der Waals force is weaker than the hydrogen bond. It could be seen that the LPMSC-1 and LPMSC-2 that retained Si-OH showed a better release effect ([Figure 6](#f6-ijn-12-8277){ref-type="fig"}). The pore sizes of LPMSC-1 (15.7 nm) and LPMSC-2 (15.8 nm), calculated by isothermal adsorption branches, were similar. However, the pore size of LPMSC-3 is relatively large (21.3 nm), which may be due to the excessive amount of Ca added and resulted in the destruction of the mesoporous pore. Although the load of rhPDGF-BB was reduced from 13.7 mg/g to 4.6 mg/g, the load capacity of LPMSCs was enough because the bone regeneration required a low dose of growth factor.[@b25-ijn-12-8277],[@b30-ijn-12-8277] It is well known that not all factor release systems play a role in bone regeneration. Only the slow release of growth factors could achieve a long-term and effective promotion.[@b31-ijn-12-8277] Thus, LPMSC-1 and LPMSC-2 were more suitable as factor delivery systems compared with LPMSC-3.

[Figure 3A](#f3-ijn-12-8277){ref-type="fig"} demonstrates the enhanced cell metabolic activities in LPMS and LPMSCs groups on day 7 compared with the control group. It has been reported that the release of trace amounts of silicon from bone material does not cause osteoblast damage, whereas the trace amounts of silicates may induce osteoblast proliferation. Studies have shown that Ca ions also could promote cell proliferation; therefore, cell metabolic activities were enhanced with the addition of calcium content in LPMSC. Although the Ca content of LPMSC-3 is higher than that of LPMSC-2, the effect of promoting cell metabolic activity was slightly worse compared with LPMSC-2, which may be related to the change in surface topology/roughness and the pH value of solution. LPMSC-3 was amorphous CaSiO~3~, and LPMSC-1 and LPMSC-2 were the complex of amorphous SiO~2~ and amorphous CaSiO~3~. Moreover, due to the high Ca content of LPMSC-3, the faster the ion exchange rate in the liquid, the higher the pH value of the solution.

Furthermore, the ALP activity and key osteogenic transcription genes (Runx2 and Osterix) in LPMSC groups were higher than those of the LPMS group ([Figure 3B and C](#f3-ijn-12-8277){ref-type="fig"}). Moreover, the ALP activity and semi-quantitative ARS mineralization of DPCs cultured in LPMS extracts were also significantly lower than those of DPCs cultured in LPMSC extracts ([Figure 4A--C](#f4-ijn-12-8277){ref-type="fig"}). However, there were no significant differences between the differentiation of DPCs in the control group and LPMS group. [Figure 3C](#f3-ijn-12-8277){ref-type="fig"} reveals that LPMSC-2 and LPMSC-3 can promote the expression of these three osteogenic-related markers (Osterix, Ocn, and Opg/Rankl), which suggested that the materials with the high calcium content (LPMSC-2 and LPMSC-3) were stronger than calcium-free material (LPMS) or materials with low calcium content (LPMSC-1). Compared with LPMS group, Osterix, Bmp-2, and Dmp-1 expressions were increased in the LPMSC groups ([Figure 4C](#f4-ijn-12-8277){ref-type="fig"}). These results indicated that the DPCs seeded on LPMSCs were more likely to enhance osteogenic differentiation.

Interestingly, we observed increased CaSR expression of DPCs cultured in LPMSC-2 extracts and decreased gene expression (Bmp-2, Alp, and Ocn) after NPS2143 (CaSR signaling pathway inhibitor) treatment of cells cultured in LPMSC-2 extracts ([Figure 5](#f5-ijn-12-8277){ref-type="fig"}). CaSR is a member of the G-protein-coupled receptor family located on chromosome 3q13.3-21 and has been considered an appealing target for osteoporosis.[@b32-ijn-12-8277],[@b33-ijn-12-8277] Both the early and late osteogenic genes were reduced in CaSR knockout mice,[@b34-ijn-12-8277] resulting in decreased cortical and trabecular bone masses. These results suggest that LPMSCs possess favorable properties for the osteogenic differentiation of DPCs via the CaSR signaling pathway.

Conclusion
==========

The present study demonstrated that LPMSCs promoted the osteogenic differentiation of DPCs through the CaSR pathway, especially the LPMSC-2 and LPMSC-3 with higher calcium content. Furthermore, the loading capacity for rhPDGF-BB was satisfactory in LPMSCs. For the calvarial defect repair, the areas of new bone formation were increased in the LPMSC-2 and LPMSC-3 groups compared with the LPMSC-1 and LPMS groups. We concluded that LPMSC-2 and LPMSC-3 possessed both excellent osteogenic abilities and satisfactory loading capacities, which may be attributed to their moderate Ca/Si molar ratio. Therefore, LPMSCs with moderate Ca/Si molar ratio might be potential alterative grafts for craniomaxillofacial bone regeneration.
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